DP. Disturbed flow induces systemic changes in metabolites in mouse plasma: a metabolomics study using ApoE Ϫ/Ϫ mice with partial carotid ligation. Am J Physiol Regul Integr Comp Physiol 308: R62-R72, 2015. First published November 5, 2014; doi:10.1152/ajpregu.00278.2014.-Disturbed blood flow (d-flow) occurring in branched and curved arteries promotes endothelial dysfunction and atherosclerosis, in part, by altering gene expression and epigenomic profiles in endothelial cells. While a systemic metabolic change is known to play a role in atherosclerosis, it is unclear whether it can be regulated by local d-flow. Here, we tested this hypothesis by carrying out a metabolomics study using blood plasma samples obtained from ApoE Ϫ/Ϫ mice that underwent a partial carotid ligation surgery to induce d-flow. Mice receiving sham ligation were used as a control. To study early metabolic changes, samples collected from 1 wk after partial ligation when endothelial dysfunction occurs, but before atheroma develops, were analyzed by high-resolution mass spectrometry. A metabolome-wide association study showed that 128 metabolites were significantly altered in the ligated mice compared with the sham group. Of these, sphingomyelin (SM; m/z 703.5747), a common mammalian cell membrane sphingolipid, was most significantly increased in the ligated mice. Of the 128 discriminatory metabolites, 18 and 41 were positively and negatively correlated with SM, respectively. The amino acids methionine and phenylalanine were increased by d-flow, while phosphatidylcholine and phosphatidylethanolamine were decreased by d-flow, and these metabolites were correlated with SM. Other significantly affected metabolites included dietary and environmental agents. Pathway analysis showed that the metabolic changes of d-flow impacted broad functional networks. These results suggest that signaling from d-flow occurring in focal regions induces systemic metabolic changes associated with atherosclerosis. atherosclerosis; disturbed blood flow; high-resolution metabolomics; metabolome-wide association study; sphingomyelin CONSIDERABLE DETAILED KNOWLEDGE exists concerning dietary, behavioral, and genetic risks of cardiovascular disease (CVD). Despite this, atherosclerosis remains a leading cause of death in developed countries, and improved understanding of the complex disease process and metabolic biomarkers is needed for early diagnosis and management. Atherosclerosis occurs preferentially at sites of disturbed flow (d-flow) characterized by low and oscillatory shear stress in branched or curved arteries (17, 36, 38) , while straight arterial regions with laminar, stable flow are protected from atherosclerosis. Cell and animal studies show that vascular endothelial cells play a key role in regulating vascular function by responding differently to unidirectional laminar or stable flow (s-flow) and low and oscillatory shear stress or disturbed flow (d-flow). These different types of flow result in atheroprotective and atherogenic events, respectively (36). How these local effects are linked to systemic factors in causal mechanisms of CVD remains unclear.
nar, stable flow are protected from atherosclerosis. Cell and animal studies show that vascular endothelial cells play a key role in regulating vascular function by responding differently to unidirectional laminar or stable flow (s-flow) and low and oscillatory shear stress or disturbed flow (d-flow). These different types of flow result in atheroprotective and atherogenic events, respectively (36) . How these local effects are linked to systemic factors in causal mechanisms of CVD remains unclear.
Partial ligation of a carotid artery causes d-flow, which, in turn, induces endothelial dysfunction by 1 wk and robust atherosclerotic plaque within 2 wk following the surgery (30, 35) . This d-flow-induced atherosclerosis model has become an increasingly popular experimental platform to investigate mechanisms for atherosclerosis development (23, 26, 30) . In particular, this model was used to perform genome-wide gene expression analysis to identify mechanosensitive genes (mRNAs and microRNAs), as well as epigenomic DNA methylation patterns affected by d-flow (10, 30, 35) . The results of these studies suggest a mechanism, whereby a mediator produced in focal regions of endothelium exposed to d-flow could regulate systemic inflammation. This model provides an opportunity to study early metabolic changes associated with atherogenesis that occur as a consequence of d-flow, ultimately providing means to link local and systemic factors of disease.
Recent development of high-resolution metabolomics enables broad evaluation of complex molecular functions within single analyses (14, 34) . Single analyses provide information on metabolites in 146 out of 154 metabolic pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (15) . In combination with genomic or proteomic changes, this information-rich metabolic data can lead to an integrated perspective of biological phenotypes and an improved understanding of the metabolic basis of disease. Importantly, tools are becoming available to address the complexities of metabolomics data and the demanding biostatistical and bioinformatics procedures for their interpretation (15) .
Several clinical and animal studies show metabolic alterations in CVD. In human studies, fatty acids, including palmitic acid and stearic acids, were significantly elevated in atherosclerosis (5) , and branched-chain amino acids and their derivatives were associated with hypertension (46) and type 2 diabetes (28) . Pyroglutamine, dihydroxydocosatrienoic acid, and hydroxy-leucine/isoleucine were found to be significantly associated with heart failure (44) . Metabolomics studies of ApoE and LDL receptor-null mice fed a high-fat diet (7, 25) and stable CVD patients showed significant perturbation in choline metabolism (41) . These results suggest a metabolic complexity of CVD, including lipid and amino acid metabolism, consistent with the known contributions of diverse dietary, behavioral, and environmental factors.
Shear stress is also known to activate lipid signaling in mechanotransduction (4, 47) and results in changes in levels of glycerophospholipids in endothelial cells. Decreased phosphatidylethanolamine (PE) and phosphatidic acid (PA) were observed as acute endothelial responses, while increased levels of diacylglycerol (DG) and inositol triphosphate (IP3) were observed as delayed responses (4) . Sphingolipids located mainly in the plasma membranes of eukaryotic cells also have important roles in cardiovascular cell biology and pathology (22) . Disturbed low shear stress resulted in a marked increase in sphingosine phosphate kinase in human aortic endothelial cells (6) , and microarray data showed increased ceramide synthase-6 and sphingosine phosphate lyase-1 expression in endothelial cells exposed to disturbed flow (30) . An increase in sphingomyelin (SM) by overexpression of SM synthase (SMS)-2 (SMS isoform in the plasma membrane) was found to cause the progression of atherosclerotic lesions in ApoE Ϫ/Ϫ mice (39) . Deficiency of SMS2 (decreased SM) was found to diminish disease progression (11) . SMS2-KO mice also had less IL-6 and TNF-␣ in their circulation after stimulation with endotoxin, suggesting that SMS2 deficiency (decreased SM) may inhibit atherosclerosis by limiting inflammation (24) . A clinical study further showed that plasma sphingomyelin (SM) levels were associated with markers for subclinical CVD, including carotid intimal-medial wall thickness, ankle-brachial blood pressure index, and Agatston coronary artery calcium score (27) . In addition to mechanism studies of SM biosynthesis, the findings of SM accumulation in human and mouse atheromas (21, 29) suggest that shear stress of blood flow plays an important role in signaling and control mechanisms for sphingolipids and glycerophospholipids.
Despite accumulated well-documented functions of lipids in cell signaling and changes in lipids in association with disease, metabolites and associated metabolic networks altered by dflow and associated with early stage of atherogenic events are largely unidentified. In the present study, we used high-resolution metabolomics (34) to examine early metabolic changes occurring following introduction of d-flow. ApoE-null (ApoE Ϫ/Ϫ ) mice fed a high-fat diet develop plaques in the carotid artery exposed to d-flow by partial ligation for 2 wk (26). However, atherogenic signatures, including infiltration of immune cells to carotid artery and early evidence of plaque formation, are present as early as 1 wk of partial ligation (1) . Given these observations, we used partial carotid ligation and sham controls as a model to examine metabolic effects in plasma after 1 wk. Metabolic analysis provided measurement of more than 17,000 ions derived from blood chemicals; of these, SM had the smallest P (greatest Ϫlog P in Manhattan plot) by d-flow. Choline and DG were also increased by d-flow for 1 wk. On the other hand, phosphatidylcholine (PC, lysoPC) and phosphatidylethanolamine (PE, lysoPE) were significantly decreased by d-flow, and these metabolites were negatively correlated with SM. The pathway analyses of significantly altered metabolites show a broader metabolic effect by d-flow.
MATERIALS AND METHODS
Mouse partial carotid ligation. All animal studies were performed with 9-to 10-wk-old male ApoE Ϫ/Ϫ mice (Jackson Laboratory, Bar Harbor, ME), according to the approved Institutional Animal Care and Use Committee protocol by Emory University, as we previously described (26, 35) . Mice were fed with standard chow diet until surgery at 8 to 9 wk of age. Mice (n ϭ 7) were partially ligated [3 of 4 caudal branches of left carotid artery (LCA, left external carotid, internal carotid, and occipital artery)] with 6-0 silk suture under anesthesia, and development of low and oscillatory shear in each mouse was determined by ultrasound measurements (26, 35) . Following surgery, mice were monitored in a chamber on a heating pad until recovery. Sham-ligated animals (n ϭ 8) were operated on as described above, except the ligating sutures were not tightened to impede blood flow. Both sham and partial ligated mice were fed the Western diet (fat 21% and cholesterol 1.5%) and killed at 7 days postsurgery.
Plasma isolation and sample preparation for high-resolution mass spectrometry. For metabolomics analysis, mice were euthanized by carbon dioxide 7 days postsurgery. To prepare plasma samples for liquid chromatography-mass spectrometry (MS), blood was collected from the inferior vena cava using heparin-coated 1 ml syringe fit with 2a 5G needle, transferred to Vacutainer tubes (BD), and centrifuged at 1,200 g for 15 min. To prepare samples for mass spectrometer analyses, 50 l of plasma was added to 100 l of acetonitrile containing a mixture of 14 stable isotope standards (12) . The 14 internal standards and concentrations used for each sample are as follows:
, and 2=-deoxyguanosine-15 N2, 13 C10-5=-monophosphate (5 M) (Cambridge Isotope Laboratories, Andover, PA). These chemicals were selected to provide a routine mixture for metabolomics analyses in the Clinical Biomarkers Laboratory, selected to provide a diverse mixture of chemical properties from available stable isotopic chemicals with more than one 13 C or 13 C with 15 N, to avoid overlap with natural abundance of 13 C. This mixture is arbitrary relative to the goals of the current study.
After mixing and incubation at 4°C for 30 min, precipitated proteins were pelleted by centrifugation at 13,500 rpm for 10 min.
Analytic methods. Plasma extracts (10 l) were analyzed in triplicate via a high-resolution metabolomics platform (34) using C18 liquid chromatography and mass spectrometry (85-2000 m/z) on LTQ-Velos Orbitrap mass spectrometer. Mass spectrometry data were extracted using xMSanalyzer (37) with apLCMS (45 The mass spectrometer was operated as described in the Analytic methods, with fragmentation performed at a normalized collision energy of 35% and isolation window of Ϯ 0.5 m/z. Identity was confirmed by comparing the detected high-resolution ion dissociation fragments to reference spectra in the Metlin database.
RESULTS
Characteristics of metabolomics data sets used for MetaboAnalyst analysis. As a positive control for the atherogenesis model, we examined carotid arteries and confirmed plaque formation by d-flow (ligation) but not with sham treatment (Fig. 1A) , as shown in previous studies (16, 35) . There was no significant difference in weight gain between the two mice groups, a group of ligation-operated in LCA ( A total 17,767 ions were detected in extracts of plasma obtained from mice exposed to s-flow and d-flow for 1 wk. MetaboAnalyst limits analysis to 5,000 metabolites, so data were filtered according to quality score (Ն3.7) determined by xMSanalyzer (37) . This resulted in selection of 3,571 ions for further analysis. The mean peak intensities of these ions were 2.93 ϫ 10 6 and 2.87 ϫ 10 6 in plasma samples from mice exposed to s-flow and d-flow, respectively. Because each sample was analyzed in triplicate, the coefficient of variation (CV) was calculated for each ion in each sample; median CV was 14.4%. The m/z was concatenated with retention time to provide a metabolite label, and resulting ion values with corresponding intensity values were used for analysis by MetaboAnalyst 2.0 (42). Following MetaboAnalyst data quality filtering, 2,142 ions remained for analysis (see Data Supplement S1). 
Characterization of 128 ions differing in abundance between s-flow and d-flow groups.
A metabolome-wide association study (MWAS) showed that 128 ions differed at P Ͻ 0.05, 42 were elevated (green) and 86 were decreased (magenta) by d-flow compared with s-flow of control ( Fig. 1C and Data Supplement S2). To visualize differences, the significant ions are expressed in Manhattan plots as Ϫlog p according to m/z (Fig. 1D, top) and RT (Fig. 1D, bottom) , with nine ions above the Benjamini and Hochberg (3) false discovery rate (FDR) of 20%, identified by a horizontal broken line labeled (q ϭ 0.2) (Fig. 1D ). The top panel shows that the discriminatory ions included a range of m/z values, and the bottom panel shows that the properties of the metabolites include relatively hydrophilic chemicals (eluting early) and relatively hydrophobic chemicals (eluting later).
A the VIP score analysis (Fig. 1B) Fig. 1D (bottom) showing that many of the ions differing by d-flow had retention times consistent with lipids, we next tested for ion correlations with SM. In this analysis, we performed a targeted MWAS by testing each of the 2,142 ions for correlation with SM m/z 703.5747. The result showed that 171 of the 2,142 ions were significantly correlated with SM 703.5747 m/z (Pearson |r| Ն 0.5, P Ͻ 0.05; see Data Supplement S2). These results are illustrated by a Manhattan plot of negative log p value as a function of m/z (Fig. 3A, top) and RT (Fig. 3A, bottom) . Of these 171 ions, 33 were positively correlated with SM 703.5747 m/z (magenta circle, r Ն 0.51, P Ͻ 0.05) and 138 were negatively correlated (navy triangle, r Յ Ϫ0.5, P Ͻ 0.05) (Fig. 3A) . The positively correlated ions (magenta, Fig. 3A) were fewer (n ϭ 33) and detected earlier (Ͻ100 s) than negatively correlated ions (n ϭ 138), which mostly eluted after 250 s (Fig. 3A, bottom) .
SM-associated metabolic network of disturbed blood flow. To determine how many of the 171 ions that were correlated with SM m/z 703.5747 were significantly affected by d-flow, we searched for the ions overlapping between 128 flowdependent ions with P Ͻ 0.05 (Fig. 1D) and 171 SM-correlated ions (Fig. 3A) . The result included 59 ions, 18 increased (positively correlated with m/z 703.5747, magenta), and 41 decreased (negatively correlated with m/z 703.5747, blue) ( (Fig. 4, A-G) .
Metabolites, including choline, diacylglycerol (DG), and betaine that are known risk markers for CVD, were not significantly correlated with sphingomyelin. However, these three metabolites were increased by d-flow (Fig. 4, H-J) , consistent with previous findings showing association with atherosclerosis (41) . No attempt was made to distinguish between the 28 different isobaric species of DG listed in Metlin, which contain different combinations of fatty acid at the C-1 and C-2 positions. Importantly, these data show that a broad network of metabolic changes occurs with d-flow, including changes of sphingomyelin, changes in 1-carbon metabolism, and changes in essential amino acids methionine and phenylalanine, as well as other metabolites related to aromatic amino acid metabolism. To characterize molecules negatively correlated with SM m/z 703.5747, the 41 ions negatively correlated with SM and significantly decreased by d-flow were examined. As shown in Fig. 3B (blue), these molecules were mostly present in three clusters according to RT (Fig. 3B, bottom left Table 2 ). These ions were clustered together within a similar range of RT (300 -400 s; Table 2 , Fig. 3B (Fig.  5, A-J) .
Disturbed flow-induced perturbation of metabolic networks. The metabolomics data showed that d-flow altered levels of lipids of multiple classes, sphingolipids, glycerophospholipids, choline and betaine, and amino acids, including methionine (Met), phenylalanine (Phe), and tyrosine (Tyr). Functional network analysis of 59 significant metabolites using MetaCore showed significant pathways (P Ͻ 0.05) that are affected by d-flow, including metabolism for aminoacyl-tRNA biosynthesis, sphingolipid, fat cell differentiation, ACh biosynthesis, acyl transferase pathway, cortisone biosynthesis, and tyrosine (Fig. 6A) .
Xenobiotic factors impact CVD, yet little information is available concerning potential contributions to d-flow-dependent atherogenesis. Inflammatory signaling in the liver is known to suppress cytochrome P-450 (Cyp)-dependent xenobiotic metabolism, so that changes in elimination of dietary or environmental chemicals could contribute to the complex atherogenic mechanisms. To address this possibility, we used KEGG Brite mapping (http://www.genome.jp/kegg/compound/) to examine classification of the 59 ions that were significantly changed by d-flow and correlated with SM (Fig. 3B) . The data showed that only 52% of the associated KEGG identifiers categorized to lipids (21.7%) and compounds with biological functions (30.4%) (Fig. 6B) . The others included phytochemical compounds (17.4%), pesticides and natural toxins (10.9%), carcinogens, endocrine-disrupting chemicals (8.7%), and other chemicals (10.9%). The results raise the possibility that d-flowinduced inflammatory signaling could exacerbate dietary or environmental effects on CVD by effects on xenobiotic metabolism.
DISCUSSION
Exploring the conversion of mechanical stimuli to biochemical signals has become a critical area of biomedical research associated with atherosclerosis development (17, 26) . A large number of signaling pathways and networks, including proteins, genes, and microRNAs, are involved in responses to the mechanical force, shear stress. Unlike stable shear stress, oscillatory shear stress generated from d-flow causes atherogenic phenotypes of endothelial and smooth muscle cells, such as hypertrophy, proliferation, and apoptosis. Indeed, the currently observed metabolic changes mirror those of previous CVD research, showing that localized d-flow may be a fundamental determinant of systemic characteristics of CVD that are frequently attributed to other factors. An interesting example is that choline and betaine have been implicated in CVD risk through diet and microbiome effects (9, 41) , and the present data show similar effects as a consequence of disturbed blood flow.
The results additionally suggest that inflammatory signaling, known to be increased by d-flow (8, 40) and to inhibit drug metabolism in the liver (32, 33) , could have distal effects on disposition of xenobiotics. A previous study comparing metabolomics of seven mammalian species, including humans, farm animals, and laboratory animals, showed that all species share exposure to environmental chemicals, including pesticides, flame retardants, and plasticizers, apparently due to common exposures in air, water, and the food supply (31) . This raises the possibility that activation of inflammatory signaling by d-flow could exacerbate dietary and environmental risk factors for CVD, implied by the positive correlation of a putative DDT metabolite (m/z 380.9228) and commercial chemicals (m/z 86.0963, m/z 133.0318) with SM (Table 1) . Increased stress hormone corticosterone (m/z 347.2215) in d-flow also suggests that these effects could occur as a consequence of stress rather than inflammatory signaling.
SM (m/z 703.5747, d18:1/16:0 and m/z 701.5587, d18:1/ 16:1) was significantly increased in the plasma of mice with d-flow induced by partial carotid ligation (Fig. 2) . Increased SM is a well-known risk marker for CVD (20, 21, 27, 43) due to its important role in controlling plasma lipoprotein and lipid metabolism. Consistently, reduction of plasma SM levels inhibited atherosclerosis development (11) . Our data include the increased levels of SM and DG by d-flow and the decreased levels of PC and PE. These results could be consequences of the biosynthesis of SM, which involve transferring phosphocholine from PC to ceramide, liberating DG by activation of SM synthase. Altered levels of sphingolipids and glycerophospholipids are widely implicated in pathologic mechanisms and may especially be important as early metabolic signatures for health complications.
Elevated SM was negatively associated with sphingosine ( Fig. 5 ) in this d-flow model. Upon various stimuli, cells metabolize SM from the cell plasma membrane to form SM metabolites, including sphingosylphosphocholine, ceramide, sphingosine (a metabolite of ceramide), and sphingosine-1-phosphate. Alterations in these SM metabolites have impacts on vascular cell signaling through G protein-coupled receptors and intracellular Ca 2ϩ release (2) . In addition, microarray data showed that d-flow stimulated upregulation of sphingosine phosphate lyase-1 (1.6-fold) and ceramide synthase 6 (2.4-fold) (30) , supporting potential alterations in SM metabolic pathways and levels of SM metabolites.
Regulation of phospholipase D (PLD) present in most cell types is activated by phosphatidylinositol-4,5-bisphosphate (PIP2) binding. The current metabolomics study also showed an increase in an ion with m/z 697.3277 matching phosphatidylinositol, which was increased 1.6-fold (P ϭ 0.024) (Fig. 6) . Moreover, SM has been implicated in many aspects of biochemistry, physiology, and pathophysiology by regulating cell death, signaling transduction, membrane structure, and lipid rafts. Increased level of SM by d-flow could be associated with these pathologic events.
MWAS showed increased level of the essential amino acid Phe, and correlation of Phe with SM. Existing microarray data Table 2. show that four genes [AATM (aspartate aminotransferase), AL3A1 (aldehyde dehydrogenase), PP2C␣ (protein phosphatase), AOC3 (amine oxidase)] regulating phenylalanine metabolism were significantly altered in aortic endothelial cells exposed to d-flow (30) . Together, these results suggest that in addition to alteration of lipid metabolism, d-flow results in disruption of phenylalanine amino acid metabolism, leading to the impaired characteristics of cells. Correlations with Met, Tyr, and Thr indicate that changes may be associated with cell proliferation or differentiation, although pathway mapping also suggested broader neurogenic effects on pathways linked to addiction, depression, and mitochondrial dysfunction (Fig. 6A) .
MWAS-identified ions that are negatively correlated with SM included glycerophospholipids [phosphatidylserine (PS), phosphatidylcholine (PC), phosphatidylethanolamine (PE)], ceramide, and sphingosine. D-flow-induced disruption in metabolism and biosynthesis of these lipids resulted in decreased amounts in plasma that could not be simply explained. In a previous study, Wang et al. (41) found that dietary lipid metabolites, PC, choline, trimethylamine N-oxide, and betaine could be metabolic markers to predict risk for CVD. Similarly, the present metabolomics data show increased levels of choline and betaine but decreased level of PC in mice exposed to d-flow. PLD activation by d-flow (13, 47) could account for these data. Increased DG and choline with decreased PC/ lysoPC levels could be outcomes of PLD enzyme activation as a consequence of cellular defense responses against d-flowstimulated inflammatory signaling. While PC is considered to be a risk marker correlated with atherosclerosis (41), decreased ratio of plasma PC to cholesterol has been indicated as a risk for atherosclerosis and ischemic vascular disease (18, 19) . Thus, alteration in PC, toward both increased and decreased directions under pathophysiological conditions, appears to be an important signature reflecting changes in the metabolic system.
In conclusion, the high-resolution metabolomics study of an atherogenic ApoE Ϫ/Ϫ mouse exposed to d-flow for a week by partial carotid ligation identified significantly altered lipid and amino acid metabolites. D-flow-induced changes included sphingolipids (SM, sphingosine, sphinganine), glycerophospholipids (PC, PE, and PS), amino acids (Met, Phe), and choline metabolites. Altered levels of these metabolites were associated with interruptions in metabolic networks for sphingolipids, glycerophospholipids, and amino acid metabolism and transport. These metabolic changes could occur as downstream consequences of localized d-flow, which stimulated endothelial dysfunction. The results suggest that d-flow in the carotid artery can serve as an early initiating event of systemic effects on blood lipids, essential amino acid metabolism, inflammatory signaling, and xenobiotic metabolism, i.e., processes often attributed to dietary and environmental causes. The results point to the utility of disturbed flow models to elucidate underlying complex mechanisms of CVD and high-resolution metabolomics to obtain a detailed view of associated metabolic risk factors.
Perspectives and Significance
The present study shows that high-resolution metabolomics simultaneously detects changes in diverse aspects of metabolism, specifically connecting lipid and amino acid metabolism to localized, disturbed blood flow. The results further suggest that metabolomics will be useful to clarify dietary, microbiome, and environmental contributions to CVD. The methods are suitable for human studies and could be useful for CVD subclassification and/or evaluation of individualized CVD interventions.
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